Methane oxidation at landfill surfaces was characterized using both physiological and genetically -based assessments of bacterial community. Two different types of methane oxidation were observed, depended on one of which involved separate methane-oxidizing reaction that were dependent on the initial methane concentration, and the other one involved normal Michaelis-Menten type kinetics. The MOB community structure was assayed by culture-independent molecular microbiological methods. The gene amplified by pmoA primer, as a measure of the total MOB population, was detected in levels of 10 4 to 10 5 MPN-copies·g -1 , and accounted for 2.9 % -49 % of the eubacterial 16S rDNA. In soils exposed to high methane flux, the type II MOB was predominated showing the value of 10 4 MPN-copies·g -1 of the mmoX gene and amounted to 30-90 % of the corresponding pmoA gene copies detected. In contrast, type I MOB existed in relatively high population at soils under the negative/negligible methane flux.
Introduction
The attribution of global climate changes to emissions of greenhouse gas (GHG), including carbon dioxide, methane, and nitrogen oxide, has gained intensive public attention. Methane is one of the most important GHGs, because its global warming potential is estimated to be more than twenty times of that of carbon dioxide and because atmospheric methane has increased by 1 % per year in recent decades (Blake, 1988) . Waste landfills have been recognized as a large source of anthropogenic methane emission and as an important contributor to global warming (IPCC, 1994) . Since methane emission from waste landfills is estimated to account for 3-19 % of the anthropogenic emission of methane worldwide (IPCC, 1994) , the importance of monitoring and countermeasures against methane emission from waste landfills needs to be recognized. In waste landfills, methane is generated in layers of waste as a terminal product of the anaerobic biodegradation of organics. Microbial methane oxidation, which occurs only at the surface layers, is carried out by obligate aerobic methane-oxidizing bacteria (MOB), which provide the only terrestrial sink of methane in waste landfills. MOBs oxidize methane with oxygen and utilize it as carbon and energy sources (Bowman, 1994; Hanson & Hanson, 1996) . The first step in the methane oxidizing process is catalyzed by the enzyme methane monooxygenase, of which two forms are known; the particulate methane monooxygenase (pMMO), a membrane-bound enzyme present in all MOB examined to date, and the soluble methane monooxygenase (sMMO), a cytoplasmic enzyme present only in certain species. In addition, MOBs are classified as either type I or II according to the carbon assimilating pathway, the intracytoplasmic membrane arrangement, the presence of complete tricarboxylic cycles, and the type of membrane phospholipid fatty acids (Tsien et al., 1990) . Furthermore, the type II MOB, which belongs to the α-subdivision of the phylum Proteobacteria, possesses pMMO and sMMO, whereas the type I MOB, which belongs to the γ-subdivision of the phylum Proteobacteria, generally possesses only pMMO, except of a few unusual genera such as Methylococcus (Koh et al., 1993; Shigematsu et al., 1999) . It has been widely known that pMMO is phylogenetically similar to ammonia monooxidase (AMO), and its substrate specificity is also low; i.e. ammonium oxidizing bacteria that possess AMO are capable for oxidizing methane (Bedard & Knowles, 1989) . Amaral & Knowles (1995) reported that type I and II MOB show an apparent prevalence to the availability of oxygen and methane, respectively. The type I MOB generally dominate in layers with low methane and high oxygen concentrations, whereas the type II MOB favor high methane and low oxygen concentrations (Amaral & Knowles, 1995; Amaral et al., 1995) . In general, little is known about the MOB community structure in soil, but type II MOB has been found more frequently than the type I MOB (Hanson & Hanson, 1996; Henckel et al., 1999) in certain areas such as in tundra soils (Vecherskaya et al., 1993) , peat land soils (Sundh et al., 1995) , and soils in Alaska (Brusseau et al., 1994) . On the other hand, the type I MOB has been shown to dominate in aquatic environments such as lake water (Hanson & Hanson, 1996 , Ross et al., 1997 and lake sediment (Boschker et al., 1998 , Auman & Lidstrom, 2002 both types of MOB have been found in rice fields (Henckel et al., 1999; Horz et al., 2001) .
In contrast to the focus on MOB found in natural environments, less attention has been paid to the characterization of MOB communities found in landfill surface layers. Bogner et al. (1997) reported the presence of at least two groups that showed different methane oxidation kinetics in the cover soil of landfill surfaces. Wise et al. (1999) revealed that both type I and II MOB were detected at landfill surfaces, and the type II MOB were much more diverse than the type I MOB. However, not much is known about the community structure and population dynamics of MOB at landfill surfaces, and the environmental factors affecting MOB communities remain unidentified. The characteristics of landfills, including the methane emission, dynamically changed during the several decades of management (Pohland & Al-Yousfi, 1994) , and these changes have strongly affected the methane oxidizing activity and MOB communities living at landfill surfaces. In order to estimate the function of waste landfills as source and sink of methane emission, it will be necessary to characterize MOB activity and community structure.
In this study, methane oxidation in landfill surface soils exposed to different methane concentrations was characterized using both physiological and genetically based microbiological methods. The methane oxidizing capacity of the soil was quantitatively evaluated and the rate constants were estimated. The community structure of MOB was assayed by a culture-independent molecular microbiological method. In these soils, some bacterial groups were monitored by genetic quantification. The total Eubacteria amount was monitored by the quantification of eubacterial 16S ribosomal RNA gene (rDNA), and the total MOB amount was monitored by quantification of the pmoA gene, which encodes the α subunit of the pMMO and is included in most of MOBs (Balasobramanian & Rosenzweig, 2007) . Type I MOB was monitored by quantification of the type I MOB-specific 16S rDNA. The mmoX gene which encodes the α subunit of the hydroxylase component of sMMO were also subjected to monitor as a representative indicator of the well-known type II MOBs, though recently some type I Methylomonas strains were founded to possess genes for sMMO exceptionally (Auman & Lidstrom, 2002) . Then, the kinetics of certain MOB strains isolated from soil samples were characterized, and the results were compared with those from a DNA-based community analysis. The relationships between methane emission, methane-oxidizing activity, and MOB community structure at landfill surfaces are discussed.
Materials and Methods

1 Methane Flux Measurement and Soil Sampling
The measurement of surface methane flux was carried out by the static chamber method as described previously (Ishigaki et al., 2005) . Two already-closed landfills located in Japan were subjected to flux measurement and soil sampling. Surface methane flux was measured at 40 points on the each surface, and six points were selected based on the flux (positive, negative and not detected) as targets of the MOBs community analysis. Measuring points A-D were on the surface of a landfill that had been closed for 2 years; that landfill contained industrial waste such as organic sludge, textiles, wood, plastics, incinerated residue, slag, and other materials. Points E and F were on the surface of a landfill that had been closed for 15 years, and that landfill also contained industrial waste such as incinerated residue, plastics, slag, and other materials. The experimental surfaces of these landfills were tentatively covered by approximately 50 cm of sandy soil which was mainly composed of coarse sand. General characteristics of these soils were shown in Table 1 . The concentrations of methane and carbon dioxide were measured using a gas chromatograph GC8A (Shimadzu Co., Kyoto, Japan) equipped with a flame ionization detector and a Porapak Q column. At the selected point from the flux measurement, soil samples were taken at 5-10 cm depth and were used for the physiological and genetic characterizations of the methane oxidizing communities.
Methane Oxidation Kinetics of Soil Samples
Five hundred milligrams of soil were added to a 30-ml test tube capped with a butyl septum, to which was added 9. . Methane was added into the headspace of the test tube as final concentrations of 50 -100,000 ul·l -1 , and each test tube was incubated at 28 , 120 rpm. The headspace gas of the test tube was diluted by the addition of methane; the ℃ initial oxygen concentration in the headspace ranged between approximately 18 % -20 % according to the amount of methane that had been added. All experiments were triplicated and the methane oxidizing activity was estimated by linear decrease of the headspace methane concentration. The maximum methane oxidation rate (V m ) and the affinity of methane (apparent K s ) were determined by the Michaelis-Menten equation as follows
where S is the methane concentration. Michaelis constants were estimated according to the 4th order Runge-Kutta method using the simulation program Berkeley MADONNA for Windows (Hannon & Ruth, 1997) .
Isolation of MOB Strains and Methane Oxidation Test
One gram of soil sample suspended in 99 ml of sterile deionized water was plated onto an agar-basal media, and the bacteria were cultivated in a chamber containing 1.0 % methane at 35 ℃ for 28 days. Colonies morphologically identified as representing a single type of cell were isolated as candidate MOB strains.
Candidates that exhibited significant methane oxidation were selected as MOB strains by repeated cultivations. The methane oxidation test of MOB isolate was carried out as well as that of soils; all the difference was the addition of 0.5 ml of the MOB pre-culture instead of the addition of 500 mg of the soil. The first-order kinetics was calculated by linear regression of the methane oxidation rate against the initial methane concentration (50-100,000 ul·l -1 ). For the isolates that followed Michaelis-Menten kinetics, pseudo-firstorder rate constants were estimated as V m /K s . The cell number of each strain was estimated from the ATP concentration using the ATP analyzer AF-100 (DKK-TOA Co., Tokyo, Japan)
DNA Extraction
DNA was extracted and purified directly from the landfill surface soil by using the FastDNA SPIN kit for Soil (BIO101, Carlsbad, CA) according to the manufacturers instruction. The resultant DNA was purified and concentrated by Amicon Microcon PCR (Nihon Millipore Co. Ltd. Tokyo, Japan).
Quantification of pmoA, mmoX, and Type I MOB-and Eubacteria-specific 16S rDNA
The primer sets used in this study are listed in Table 1 . The primer pair for pmoA was used as measure of the total MOB though this primer pair also amplifies amoA that encodes α-subunit of AMO. Since AMO is also capable for oxidizing methane, the genes detected using pmoA primers represent the most of bacteria concerning with methane oxidation (type I and II MOBs and AOB). Genes measuring type I and II MOBs were targeted by the primer pairs for the type I specific 16S rDNA (Holmes et al., 1995) and mmoX (McDonald et al., 1995) , respectively. The reaction mixture contained 1-5 ng of extracted DNA, 2 μl of 10 x Taq Gold buffer, each primer at a concentration of 0.2 μM, 2.0 U of AmpliTaq Gold DNA polymerase, each deoxynucleoside triphosphate at a concentration of 100 mM, and 2.5 to 3.5 mM of MgCl 2 . Amplification was performed in a total volume of 20 μl in a 200ml reaction tube using a Mastercycler Gradient (Eppendorf Japan, Co. Ltd., Tokyo Japan). Amplifications were initiated by the activation of AmpliTaq Gold DNA polymerase for 15 min at 95 , and the ℃ thermal cycle profile consisted of an initial denaturation for 3 min at 95 , followed by 32 ℃ -35 cycles consisting of denaturation for 1 min at 94 , primer annealing for 1 min at the annealing temperature indicated in Table 1 , ℃ and elongation for 2 min at 72 . The final elongation period was 5 min. The a ℃ bundance of each gene in the DNA samples was estimated by most probable number (MPN)-PCR (Picard et al., 1992) by analyzing three replicate sample dilutions.
Results
Methane Flux Rate and Methane Oxidation
The methane and carbon dioxide flux at several points on the landfill surface are shown in Table 2 . Methane flux densities largely fluctuated within the range of -5.2 x 10 -3 to 19 mmol-CH 4 ·min -1 ·m -2 . Positive methane fluxes were observed at points A, C and E. At points A and C, the methane flux was comparatively higher than that of carbon dioxide, although point E showed similar values for both fluxes. Negative methane fluxes were observed at points B and D. The carbon dioxide flux was also low in these soils, but it was relatively high compared to the absolute value of the methane flux. Both the methane and the carbon dioxide flux went undetected at point F due to low gas emission. The methane oxidizing activities at an initial concentration of 100,000 ul·l -1 and 1,000 ul·l -1 , and the kinetic constants for the methane oxidation are also available in Table 2 . In soils A, C and E, separate kinetic trends emerged for low (< 1,000 ul·l -1 ) and high (> 5,000 ul·l -1 ) initial methane concentrations. These soils exhibited an apparent low-affinity (high K s ) at the experiment under the high methane concentration range (> 5,000 ul·l -1 ). Methane oxidation in soils B and D followed the Michaelis-Menten equation throughout the tested concentration range. Furthermore, the V m of the methane oxidation and the methane oxidizing activity were 1-2 orders of magnitude higher than those of other soils. Methane-oxidizing activity was detected in soil F, which exhibited no gas flux.
Development of MPN-PCR Assays for MOB-Related Genes
The MPN-PCR assays were validated using known concentrations of standard DNA extracted from Methylosinus trichosporium OB3b (NCIMB11131), which was used as a representative type II MOB, and Methylomonas methanica (NCIMB11130), which was used as a representative type I MOB. The linear range of detection for the MPN-PCR assays for eubacterial 16S rDNA, pmoA and type I MOB specific 16S rDNA were at least 5 orders of magnitude from 2.5 x 10 2 -5 x 10 6 copies·g -1 (Figure 1 ). On the other hand, the linear range of mmoX was narrower than those of other genes, and was 4 orders of magnitude from 8 x 10 2 -1 x 10 5 copies·g -1 . The regression coefficient values for standard curves for all MPN-PCR assays exceeded 0.9.
Estimation of MOB-Related Genes by MPN-PCR
The results of the MPN-PCR analysis of nucleic acids extracted from the soils with primer sets of Eubacteria-specific 16S rDNA, pmoA, the type I MOB-specific 16S rDNA, and mmoX are shown in Figure 2 . The eubacterial 16S rDNA existed in abundance at 10 5 to 10 6 MPN-copies·g -1 in each soil sample. The gene amplified by pmoA primers, as a measure of the total MOB population, was detected in levels of 10 4 to 10 5 MPN-copies·g -1 , and it was accounted for 2.9 % (soil D) -49 % (soil B) of the eubacterial 16S rDNA. In soils A, C, and E, the high abundance of the mmoX gene was observed where 10 4 MPN-copies•g -1 of the mmoX gene amounted to 30-90 % of the corresponding pmoA gene. Type I-specific 16S rDNA was detected at levels that were 1-3 orders of magnitude lower than those of the mmoX gene in these soils. Both the mmoX gene and the type I specific 16S rDNA were detected within the same range from soil B, in which the gene amplified by pmoA primers comprised a major part of the eubacterial 16S rDNA. In soils D and F, the copy number of the type I specific 16S rDNA accounted for 51 % and 79 % of that of the pmoA gene, although mmoX was detected at rate less than 20 % of that of pmoA. Therefore the type I MOB is thought to account for a major portion of the MOB community in these soils. Table 3 shows the kinetic constants of methane oxidation by the MOB strains successfully isolated from soils A to D. Methane oxidation by 70 % of all isolates (23 of 33 strains) followed Michaelis-Menten kinetics. In particular, strains AH522, BH502, BH514, BX531, CL104 and strains isolated from soil D (DH501, DH502, DH519., DH521, DH522) exhibited relatively high-affinity (less than 1000 μM of K s ) for methane. On the other hand, most of the isolates from soil C exhibited low affinity for methane. Methane oxidation by some of the strains (2 of 4 strains from soil A, 4 of 10 strains from soil B, and 4 of 12 strains from soil C) followed first-order reaction kinetics at the experimental concentrations. It must be considered that these strains would possess relatively low affinity for methane.
Physiological Characteristics of MOB Isolates
Discussion
In landfill surface soils A, C, and E showing high methane flux, separate kinetic trends emerged for low and high initial concentrations of methane. Bogner et al. (1997) have also reported different methane oxidation kinetics in the low (< 160 ppmv) and high (> 10,000 ppmv) concentration range in landfill cover soil that exhibited negative methane flux. They concluded that at least two MOB groups, methane-limited and oxygen-limited methanotrophs coexisted at the landfill surface. The present study also suggested that the MOB community would shift to favor high methane concentrations under high methane flux conditions. The methane-oxidizing activities of soils A, C, and E were a few orders of magnitude lower than those of soils B and D. Methane oxidation by soils B, D and F, which showed negative or negligible methane flux, followed Michaelis-Menten equation kinetics. These results indicated that the MOB community structure and function as a methane sink at the landfill surface is strongly influenced by changes in methane emission throughout landfill surface layers.
The gene amplified by pmoA primer pair included both pmoA and amoA that encode α-subunit of pMMO and α-subunit of AMO (Horz et al., 2001) , respectively. Both enzymes are able to oxidize methane; therefore the gene amplified by pmoA primer could be a measure of the gene capable for oxidizing methane. In soils A, C, and E, the copy number of mmoX gene was highly composed in the number of gene that was estimated by pmoA primer pair. Because the copy numbers of each gene in these cells differ, these results are only of comparative significance. However, normally it was reported that average copy number of pmoA and mmoX genes were contained two and one copies/cell, respectively (Koschorreck et al., 2003 , Rahman et al., 2011 , Auman & Lidstrom, 2002 . It possibly indicated that a predominance of mmoX-possessing type II MOB in the MOB community in the soils A, C, and E. Amaral et al. (1995) reported that the type I MOB generally favored low methane and high oxygen concentrations, whereas the type II MOB favored high methane and low oxygen concentrations. At the initial phase of landfill stabilization, landfill surfaces are usually exposed to high concentrations of methane due to active waste degradation (Williams, 1998) . The high detection of mmoX gene also linked to exposure to high methane concentrations; these soils might be in the initial phase of active methane generation in the long-term degradation process in the waste landfill. This conclusion is supported by the physiological analysis, i.e., a low affinity of the soils for methane and a high abundance of isolates favoring a high concentration of methane.
The MOB community in soil B comprised a major portion of the eubacterial community. Furthermore, type I-specific 16S rDNA and mmoX gene were detected in the same order of 10 4 copies·g -1 . These results suggested the coexistence of both types of MOB in soil B. The negative flux and high methane oxidizing activity in soil B can be ascribed to the enrichment of highly active MOB in terms of methane oxidation. After the phase involving active methane generation, methane emissions would begin to decrease due to the exhaustion of organic materials, and then the conditions in the cover soil layer would be partially but dramatically different from the initial conditions. The results obtained here suggest that the MOB communities changed in a successive manner, depending on the methane concentration at the landfill surface.
The MOB community in soil D, which also showed a negative methane flux, was clearly different from that in soil B in terms of the high ratio of type I-specific 16S rDNA to pmoA and isolates possessing high affinity but low oxidizing activity for methane. The type I MOB must predominate in MOB community in soil D, and the MOB community itself would not consist a large group in the eubacterial community. It indicated that the behavior of methane emission must be important indicator for the landfill stabilization, but the MOB community analysis also complemented the determination of the stage of the landfill stabilization. In soils such as soil F with less methane availability, the methane-oxidizing activity and MOB population would also low. Deactivation and decrease of MOB community in the landfill surface soil will nearly close to the fully convergence of LFG emission, which is almost impossible to evaluate by the LFG emission itself since the change of the emission behavior must be little.
These results clearly demonstrated that dynamic changes in waste landfill characteristics strongly influence the activity and the community structure of MOB at landfill surfaces. Two different types of methane oxidation were observed, one of which involved separate methane-oxidizing reaction that depend on the initial methane concentration, and the other type of oxidation involved normal Michaelis-Menten type kinetics. MOB community at landfill surfaces exposed to high concentrations of methane would shift to favor the high concentration of methane. In the soils exposed to high methane flux, the abundance of the type II MOB in the community of MOBs was suggested since 10 4 MPN-copies·g -1 of the mmoX gene amounted to 30-90 % of the corresponding pmoA gene copies detected. On the other hand, the soils that showed negative/negligible methane flux was divided into two different pattern of MOB community. The soil expected the high methane oxidation showed the coexistence of type I MOB specific and mmoX gene though the type I MOB dominated in the soils with low availability of methane. The isolation and physiological characterization of MOB strains also supported the results of the genetic analysis of the MOB communities. It is likely that MOB communities and the resultant methane-oxidizing activity at the landfill surface are unstable and change in response to long-term variations in waste landfill characteristics. Difference of MOB community by the methane emission behavior will strongly indicate that methane oxidation in landfill surface is not stable. This dynamic change of MOBs community will also affect the evaluation of methane emission including both source and sink. Furthermore, microbial descriptions such as MOBs community in this study could be a candidate for one of indicator of the stabilization of waste landfills. 
